This work uses validated 2D and 3D finite element models of the creep-feed grinding operation to study the effects of face cooling on the workpiece temperatures. The results show that as the intensity of the face cooling is increased the maximum contact temperature decreases and the location of the maximum contact temperature shifts away from the finished workpiece material and towards the uncut workpiece surface. The finite element models are also used to study the maximum temperatures along the workpiece during a complete grinding pass. The temperature profiles show that there are four important temperature features on the workpiece, which are the cut-in, steady-state, temperature spike, and cut-out zones. Cut-in occurs when the grinding wheel initially engages the workpiece, steady-state occurs in the middle of the workpiece, the temperature spike occurs at the beginning of cut-out, and cut-out occurs as the grinding wheel disengages from the workpiece. Finally, the results show that face cooling need only be applied to the area immediately adjacent to the contact zone to be effective and that there is very little benefit to applying coolant to the entire front and back workpiece faces.
INTRODUCTION
Thermal damage is one of the most common forms of damage in the grinding process. One way to reduce high grinding temperatures is through the application of coolant. Many different coolant application methods have been proposed; however, most of these methods have focused solely on the cooling and lubrication of the grinding zone [1, 2, 3] . In this work, the effect of the amount and location of coolant applied to the faces of a rectangular workpiece on workpiece temperatures will be studied using the finite element (FE) method, as well as the transient temperature effects near the ends of the workpiece. The results will emphasize the importance of the correct application of face cooling and the importance of using 3D FE models when studying heat transfer in grinding.
COOLANT DELIVERY BACKGROUND
The coolants used in modem grinding processes are mostly an emulsion of synthetic oils and water, and tend to be costly to purchase and properly dispose. In addition, coolant has also been shown to be harmful to the operator during extended exposure to the skin in liquid form and to the lungs in mist form [4] ; therefore, it is essential to minimize the amount of coolant used. The most common coolant application technique is flood or bulk cooling, which involves applying coolant at the maximum flow rate of the supply pump to the workpiece. Although this method is effective it is also very wasteful. Significant research in the area of coolant delivery has been undertaken in the areas of high velocity coolant [1] , useful coolant flow rate [2] , and the use of coolant shoes [3] . The coolant shoes and high velocity coolant applications were both shown to be successful in attaining lower forces, power, and improved surface finishes. The study of useful coolant flow rate suggested that maximum coolant penetration into the grinding zone may be achieved by matching the coolant velocity to the wheel peripheral velocity [2] . By properly choosing the coolant application technique it may be possible to improve the productivity of the grinding operation while simultaneously reducing the quantity of coolant consumed.
FINITE ELEMENT MODELING
Temperature measurement during grinding is possible but complicated due to the difficulty of placing temperature measurement devices near the grinding zone, and due to the highly transient nature of the temperature fields. Therefore, many have turned to numerical modeling to determine grinding temperatures. Guo and Malkin [5] and Biermann and Schneider [6] performed some of the earliest numerical studies to predict the transient temperatures during grinding. Guo and Malkin developed a 2D finite difference model, which did not allow for the inclusion of face cooling to the workpiece and ignored the effects of the contact angle and material removal in their model. The contact angle eis the interior angle formed between the contact surface and the finished workpiece surface, as shown in Figure  1 . Moreover, there was no mention of direct experimental validation although this may have been performed in an earlier work using a single point thermocouple. Biermann and Schneider's model compared well to extrapolated thermocouple measurements; however, their model used a simple rectangular heat source without consideration for the contact angle or material removal. The work by Mamalis et al. [7] was used for very fine shallow grinding where the effects of the contact angle were sufficiently small to be ignored; however, there was no experimental work to verify the models. The work by Hoffmeister and Weber [8] was used for grinding operations with larger depths of cut and, therefore, included the effects of the contact angle and chip removal for accuracy. However, the model was only validated qualitatively by visual comparison to low resolution infrared images with a maximum temperature of 200°C. FE modeling of the grinding process has traditionally been limited to the use of semi-infinite workpieces and generally does not include the thermal effects at the ends of the workpiece; specifically, during cut-in and cut-out [7, 8, 9, 10] . The work by Guo and Malkin is similar to the current work in that they did consider the end effects and transient nature of the grinding process; however, their work was more focused on how the length of the workpiece affected the transient temperatures, whereas the current work is focused on the effect of the location and quantity of coolant application on the transient temperatures.
III

Figure 1 -Grinding kinematics
This work utilizes experimentally validated 2D and 3D FE thermal models of the creep-feed grinding operation that includes the effects of the contact angle, material removal, and the end effects of the workpiece. Both of the models were created using the commercially available package ANSYS 8.0. The FE models were created using process parameters based on experimental measurements, which are listed in Table 1 . The thermal partition ratio to the workpiece €wp was calculated using the method detailed by Rowe [11] and experimentally verified by Anderson et al. [12] and the force ratio f.i is found from the ratio of the tangential force to the normal force FIF n which was experimentally determined in Anderson et al. [15] . Figure 2 shows the heat source, the boundary conditions, and an exaggerated mesh layout for the 2D creep-feed grinding model. Material removal and the effect of the contact angle were simulated using the element death feature built into ANSYS. The element death feature did not actually remove the elements from the simulation; rather, the elements were deactivated by applying a severe reduction factor to their conductivity [13] . The removed material is represented by dashed lines in Figure 2 . The 3D model was similar to the 2D model with the exception that the 3D model included the thickness of the workpiece, which allowed boundary conditions to be applied to the front and back faces of the workpiece, and to study the effects of the temperature fields through the workpiece thickness. The full solution was obtained by incrementally stepping the heat flux along the workpiece and adjusting the boundary conditions accordingly. Adjustments were made to the size and intensity of the heat flux during the cut-in and cut-out phases of the grinding operation by using a linear scaling factor based on the steady-state contact length and the current contact length in the FE model. The mesh was designed to capture the large temperature gradients at the top of the workpiece, while maintaining reasonable solution times. A mesh convergence study was then conducted to refine the mesh. 
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The intensity of the convective cooling applied to the front and back faces of the workpiece h face were based on typical coolant flow rates and velocities used during creep-feed grinding with a nozzle area of 19.6 mm 2
• The resulting heat transfer coefficients, shown in Table 1 , were calculated using the Reynolds Re and Nusselt Nu equations for turbulent conditions shown below [14] :
where Pr is the Prandtl number, U oo is the coolant velocity, v is the coolant kinematic viscosity, L is the characteristic length, and k is the thermal conductivity of the coolant. The properties of the coolant were assumed to be equivalent to those of water at room temperature. This assumption is reasonable as the coolant is typically 95% water and 5% oil. The value for hcontact through the contact zone was chosen to represent the heat transfer coefficient of the coolant travelling at the grinding wheel's peripheral speed, which has been shown to provide maximum coolant penetration into the grinding zone [2] . The value for h face ranged between 0 and 50,000 W/m 2 to model different intensities of face cooling on the workpiece.
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Experimental Model Validation
The FE models were validated by comparing the temperatures obtained from dry grinding experiments to those obtained from the models. The temperatures were measured using a unique experimental setup consisting of a thermal imaging video camera and a custom made black body calibration source, as shown in Figure 3 . More extensive details of the experimental validation process can be found in the work by Anderson et al. [15] . The experiments were performed on a Blohm Planomat 408 grinding machine with an aluminum oxide grinding wheel. The workpiece was painted black to enhance its emissivity. Horizontal and vertical forces were measured with a Kistler Force Dynamometer -Type 9257B and amplified with a Kistler Charge Amplifier -Type 5019. Spindle power was measured using a Load Controls Inc. PH-3A Power Transducer. The force, power, and temperature data were sent to a National Instruments Connector Block -Type BNC 2120 and then to a National Instruments PCI-MIO-16XE-I0 data acquisition board. Figure 4 shows representative images of the temperature fields from a FE simulation (top) and from an infrared (IR) image (bottom) for the same grinding conditions. From the figure it can be seen that the FE simulation predicts similar temperature contours when compared to the IR image. Note that there is a smoother colour transition for the FE image when compared to the IR image. This difference can be accounted for by the higher resolution of the FE simulation (0.1 mm) as compared to the IR image (0.451 mm). Figure 5 shows a representative comparison between two sets of IR temperature measurements and the FE predicted values along a vertical line, as shown in Figure 4 , from the top to the bottom of the workpiece. The temperature measurements were taken as close to the center of the image as possible to avoid errors caused by vignetting of the camera lens and time constant lag created by the microbolometer sensor. Figure 5 shows that there was excellent repeatability between the two different sets of experimental measurements (IRI and 00) and that there was excellent agreement between the experimental and FE predicted values. From the figure it can be seen that the IR measurements do not extend to the top of the workpiece, which was a consequence of the spatial resolution of the imaging system. At the very top of the workpiece there was image blurring caused by the grinding wheel, workpiece burr formation, and pixel averaging with the ambient environment. This blurring made it impractical to measure the temperatures at the very top of the workpiece. The results presented in this work show how the application of face cooling during the creep-feed grinding operation can substantially affect the intensity of the contact and workpiece background temperatures as well as the location of the maximum contact temperatures. Rowe's [11] analytical model is included as a reference as it is considered to be state-of-the-art amongst analytic contact zone models and can be used as a reasonable upper bound on the steady-state workpiece temperatures.
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The temperatures along the contact length are predicted using Rowe's [11] analytical model, the 2D FE model, and the 3D FE model with different amounts of face cooling. Figure 6 shows that all three models predict similar contact temperature profiles; however, the FE models predict lower temperatures over the entire contact zone. This result is to be expected as the analytical model is ID in nature and, therefore, is not capable of conducting heat into the bulk of the workpiece. The contact temperatures predicted by the 3D FE model at 0 W/m 2 are slightly lower than those predicted by the 2D FE model, which may be due to the extra heat transfer path through the workpiece thickness available for conduction in the 3D FE model as compared to the 2D FE model. For the 3D FE cases, as the intensity of the face cooling is increased the contact temperatures decrease while the location of the maximum temperature shifts towards the uncut surface. At the maximum applied face cooling value of 50,000 W/m 2 the difference between the 2D and 3D FE maximum and finished surface temperatures is approximately 79%
Transactions ofthe CSME Ide fa SCGM Vol. 32, No. [3] [4] 2008 and 106%, respectively. Additionally, the location of the maximum temperature predicted by the 3D FE model shifts by 70% towards the uncut surface when compared to the 2D FE model. The benefit of the temperature reduction is obvious as lower temperatures may result in a lower likelihood of thermal damage. The shift of the location of the maximum temperature towards the uncut surface is beneficial as this heated material will imminently be removed by the grinding wheel. Although the contact temperatures in the direction of workpiece movement are important, it is also beneficial to reduce the temperatures throughout the width of the workpiece. Figure 7 shows the temperatures through the workpiece at the location of maximum contact temperature, with the analytical model included as a reference. The figure clearly shows that the analytical and 2D FE models are not capable of predicting a difference in temperature between the middle and the front and back faces of the workpiece, as is to be expected. At 0 W/m 2 , the 3D FE model shows the same trend as the 2D FE model with the same offset as shown in Figure 6 . As the intensity of the face cooling is increased the power of the 3D FE model becomes apparent as it is capable of predicting a difference in temperature between the middle and front and back faces of the workpiece. As the intensity of the face cooling is increased the through-workpiece temperature profile becomes more rounded, suggesting that the convective cooling at the face of the workpiece is dissipating more heat than the conduction through the workpiece. Figure 8 shows the model predicted maximum workpiece temperatures during a grinding pass for each of the models. The figure clearly shows that there are four distinct temperature features: cut-in temperatures, steady-state temperatures, temperature spike, and cut-out temperatures, as was also observed by Guo and Malkin [5] . These features are illustrated in Figure 9 , which shows that cut-in occurs as the wheel begins to engage the workpiece, steady-state occurs in the middle of the workpiece, the temperature spike occurs at the beginning of cut-out, and cut-out occurs as the grinding wheel disengages the workpiece. Figure 9 also shows that the high temperature region is slightly ahead of the contact zone. The cut-in temperatures increase as the power increases during the grinding wheel/workpiece engagement until the contact length is fully developed, at which point the temperatures attain a steady-state condition. The cutin and steady-state regions are relatively safe from thermal damage as the majority of the workpiece is ahead of the high temperature region and acts as a heat sink. The temperature spike is caused by the lack of workpiece material available to act as a heat sink ahead of the grinding wheel near the end of the workpiece; hence, the temperatures rise sharply. The temperatures then begin to drop during the remainder of the cut-out region as the power decreases in proportion to the contact length. Figure 8 also shows that the analytical model is not capable of predicting the transient nature of the maximum workpiece temperatures and over-predicts the temperatures for the majority of the grinding pass while under-predicting the temperatures in the temperature spike region. The effect of the bulk coolant applied to the faces of the workpiece in the 3D FE model is also very apparent as the overall temperatures are Cut-out decreased with increasing amounts of applied face cooling. The applied face cooling also has the effect of attenuating the temperature spike during cut-out.
Cut-in Steady State 125.,+------.,+---......---. -. . , ------... Optimal use of coolant is important due to the disposal costs and health concerns. Coolant consumption may be reduced by selectively applying coolant to the hotter portions of the workpiece; the results of which are shown in Figure 10 . This figure shows the effect of increasing the intensity of the face cooling at various depths from the top of the workpiece. The approximate locations of the depths are shown as dashed horizontal lines in Figure 4 . As expected, the maximum temperatures decrease by approximately 56 % as the intensity of the face cooling is increased from 0 W/m 2 to 50,000 W/m 2 • The figure also shows that only the top portion of the faces requires face cooling to achieve the optimal temperature reduction. For instance, the difference in maximum temperatures resulting from applying coolant to the first 6 mm and 9 mm of the faces is less than 1% for all intensities of face cooling. This result can be attributed to the relatively small size of the high temperature zone at the top of the workpiece, as seen in Figure 4 . This result demonstrates that there is an optimal quantity and position for the application of face cooling. This work has shown how a validated finite element model can be used to study the workpiece temperatures resulting from various depths and intensities of applied face cooling. The comparison between 2D and 3D finite element models indicates that in the presence of face cooling a 3D finite element model is necessary to predict accurate temperatures. Face cooling was shown to decrease the maximum contact temperatures and shift the location of the maximum temperature along the contact zone from the finished workpiece surface towards the uncut surface. The results also indicate that face cooling is most effective when applied to the region immediately adjacent to the contact zone and that there is little cooling benefit to flooding the entire front and back workpiece faces with coolant. 
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